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SYNOPSIS: A study of a limited number of vertical ground motion acceleration-time histories recorded during the Lorna Prieta 
earthquake of October 17, 1989 has been made. It has been found that maximum vertical ground motions may be greater than 
the horizontal ground motions in the near vicinity of the fault rupture zone. The limited records suggest that there is more 
spectral energy at very short structural periods in the vertical ground motions as compared with the horizontal ground motions. 
At longer periods, the vertical energy is significantly less, however, there is an increasing trend for very long structural periods. 
INTRODUCfiON 
The Lorna Prieta Earthquake of October 17, 1989 occurred 
in the Santa Cruz Mountains of California with its epicenter 
approximately 16 kilometers east of the city of Santa Cruz 
and 33 kilometers southwest of the city of San Jose. The 
moment magnitude of the earthquake was determined to be 
7 .1. Extensive damage was sustained in the Santa Cruz 
Mountains-Monterey Bay region; significant damage was also 
sustained as far north as the San Francisco-Oakland area. 
This earthquake has provided the scientific community with a 
large set of strong motion records, including some very close 
to the fault rupture zone. Many of these strong motion 
records were recovered from stations operated by the United 
States Geological Survey (USGS) and the State of California 
Strong Motion Instrumentation Program (CSMIP). These 
records afford the opportunity to study the characteristics of 
the vertical component of the ground motion as well as the 
horizontal components. 
Until recently, most studies of earthquake ground motions 
have been limited to the horizontal directions only. For 
design purposes, the vertical ground motions have been 
mostly ignored or have been simplistically treated as being 
some fraction of the horizontal ground motions as it was held 
by many that vertical ground motions were usually less than 
horizontal ground motions. 
Recent earthquakes such as Lorna Prieta and the earlier 1979 
Imperial Valley earthquakes, however, have produced 
vertical ground motions that have been significantly greater 
than the corresponding horizontal ground motions. These 
occurrences have stimulated the current studies to further an 
understanding of ground motions in general. Such studies are 
also motivated by the increasing importance of vertical 
ground motions for design purposes. With more 
architecturally unique and structurally complicated buildings, 
dynamic analyses including the vertical ground motions will 
become more common. In the design of seismic base isolated 
structures, it is believed that the vertical ground motions will 
be very important to consider as it may affect the stability of 
the isolation elements and the structure. 
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ANALYSIS OF MAXIMUM GROUND ACCELERA-
TIONS 
It has been observed in some past earthquakes that there have 
been strong motion records where the vertical accelerations 
have been greater than the other two orthogonal horizontal 
acceleration components. Utilizing preliminary determina-
tions of the maximum ground accelerations at 91 strong 
ground motion stations operated and maintained by the 
CSMIP program (Shakal, et a!., 1989), a graph showing the 
ratio of the vertical to horizontal ground accelerations as a 
function of distance from the Lorna Prieta earthquake fault 
rupture zone is shown in Figure 1. For each instrumental 
station, two points are shown on the graph: one point 
represents the ratio of the maximum vertical ground 
acceleration to the maximum ground acceleration of one of 
the horizontal directions; the second point represents the 
ratio of the maximum vertical ground acceleration to the 
maximum ground acceleration of the other horizontal 
direction. As can be seen in Figure 1, there are some 
instances where the maximum vertical ground accelerations 
did exceed the maximum horizontal accelerations. Because 
of large differences between the two horizontal components 
at some stations, the greater ratios of vertical to horizontal 
accelerations may be misleading. When the maximum 
accelerations of the two horizontal components are averaged, 
and the ratios of the maximum vertical acceleration to the 
averaged maximum horizontal acceleration are computed, 
the corresponding graph as shown in Figure 2 indicates that 
the occurrences of greater maximum vertical ground 
acceleration are not as dramatic. The two graphs do show 
that greater maximum vertical accelerations can occur in the 
near field of the earthquake rupture zone. 
The largest ratios occurred in Watsonville at a site some 18 
kilometers from the epicenter; when considering the 
aftershock zone, the Watsonville site may have been as close 
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Figure 1. Ratio of Vertical to Horizontal Accelerations -













~ iJP II 1!1 
I E1 ";!il_ a 1!1 01 
a 
01 ~13111"1a Iii 111~ 13 01 01 ··~····.:·:··a%······1;· ~:·····,·~;m···· ············1i"····················· EP································ 
., ., 
o+-----------~---------4----------~--------__, 
0 100 200 
Dlatanca to Fault (km) 
Figure 2. Ratio of Vertical to Horizontal Accelerations -
Average of Horizontal Components 
motions were measured at the lower level of a 4-story 
concrete building; it is not clear at this time whether the 
building may have modified the motions. Significantly 
greater maximum vertical ground accelerations were also 
recorded at Capitola in a !-story fire station building at an 
epicentral distance of 9 kilometers and about 14 kilometers 
from the fault rupture zone. 
Although there were indeed some instances of greater 
vertical ground accelerations, the Lorna Prieta strong 
ground motion records did indicate that the large majority of 
sites did not experience significantly greater vertical than 
horizontal maximum ground accelerations. 
STRONG MOTION RECORDS ANALYZED FROM THE 
LOMA PRIETA EARTHQUAKE 
Of the early strong motion acceleration-time history records 
obtained from the Lorna Prieta earthquake released by 
CSMIP and USGS, some 33 records were selected for study. 
These records were obtained from mostly free field 
instrument locations, although some of the records were from 
either the ground floor or basement of some structures. The 
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recordings obtained at these 33 strong ground motion station~ 
have been digitized and base line corrected by CSMif-
(CSMIP, 1989) and the USGS (Maley, et al., 1989). The site 
locations are shown in Figure 3, Location Map. A summa!") 
of the strong motion stations along with pertinent dat<: 
regarding the station identification, epicentral distance 
distance to the fault rupture zone (where known) and site 
geology (where known) is shown in Table I, Strong Motior. 
Instrumentation Stations. 
Two orthogonal components of the horizontal ground 
acceleration and the vertical component of the ground 
acceleration were recorded at each of the sites. The three 
components of acceleration recorded at the Capitola Fire 
Station are shown in Figure 4. Both CSMIP and USGS have 
also computed the Fourier and response spectra for the 3::. 
earthquakes. 
The Fourier spectra of the three acceleration-time historie~ 
recorded at Capitola are shown in Figure 5. The Fourier 
spectra show that the energy content of the vertical ground 
motions is greater than the energy content of the horizontal 
ground motions for periods of less than 0.2 to 0.3 seconds; 
for longer periods, the energy content of the vertical ground 
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Figure 3. Map of Area Affected by the Lorna Prieta 
Earthquake and Locations of Strong Motion 
Recording Stations 
Table 1. Strong Motion Instrumentation Stations 
Station Epicentral Distto 
Station Identification Agency No. Distance (km) Rupture (km) Site Geology 
Agnew CSMIP 066 40 25 Alluvium 
Appel #2-Redwood USGS 002 63 Fill over Bay Mud 
Calaveras-Fremont USGS 1686 56 
Capitola CSMIP 125 9 14 Alluvium 
Corralitos CSMIP 007 7 1 Landslide Deposits 
Emeryville USGS 1662 97 
Foster City CSMIP 375 63 44 210m Alluvium; Serpentine 
Gilroy #1 CSMIP 379 29 15 Franciscan Sandstone 
Gilroy #2 CSMIP 380 30 16 Alluvium 
Gilroy #3 CSMIP 381 31 18 Alluvium 
Gilroy #4 CSMIP 382 32 20 Alluvium 
Gilroy #6 CSMIP 383 35 24 Silty Clay over Sandstone 
Gilroy #7 CSMIP 425 40 28 Alluvium over Sandstone 
..... 
C1l Gilroy-Gavilan College CSMIP 006 29 15 Terrace Deposit over Sandstone C1l 
c.> 
Gilroy-2 Story Building CSMIP 476 28 16 N/A 
Golden Gate Bridge USGS 1678 100 
Hollister CSMIP 524 48 33 Alluvium 
Hollister Airport USGS 1656 45 
Hollister City Hall Bsmt USGS 1575 47 
Menlo Park VA USGS 1230 54 
Oakland-Outer Wharf CSMIP 472 95 76 Bay Mud 
Oakland-2 Story Building CSMIP 224 92 73 Alluvium 
Palo Alto VA Bsmt USGS 1227 47 
San Francisco-18 Story Building CSMIP 480 95 77 Fill over Bay Mud 
San Francisco lnt'l Airport CSMIP 223 79 60 Deep Alluvium 
Santa Cruz CSMIP 135 16 16 Limestone 
Saratoga CSMIP 065 27 9 Alluvium 
Stanford Linear Accelerator USGS 1601 51 
Stanford Parking Structure USGS 9999 51 
Sunnyvale USGS 1695 43 
Transamerica Building Bsmt USGS 1239 97 
Treasure Island CSMIP 117 98 79 Fill 







0 5 10 15 20 25 30 
TIME (SEC) 
.. ~x = -J90 a 
90° Horizontal 
·-500 I 
.. ~x = -462 9 
0° Horizontal 
35 40 



















1000 ~~~~~~~~~~~~~~~~~~~~~~  90 deg 
UP 
100~ 0 deg 
PERIOD (SEC) 






















Figure 6. Ratio of Vertical to Horizontal Fourier Spectra of 
Ground Motions at Capitola 
also shown in Figure 6, which presents the ratios of the 
vertical to the horizontal Fourier spectra. 
The 5% damped response spectra of the three acceleration-
time histories at Capitola are shown in Figure 7; graphs of the 
ratios of the vertical to the horizontal 5% damped response 
spectra are shown in Figure 8. The Capitola response spectra 
also illustrate that the energy content of the vertical ground 
motions at shorter periods (i.e., less than 0.2 to 0.3 seconds) is 
greater than the horizontal ground motions. As can be seen in 
Figure 8, the ratio of the vertical to horizontal 5% damped 
response spectra decreases to about one-fourth to one-third 
between periods of 0.4 to about 1 second at the Capitola 
location. Interestingly, the ratio of the vertical to horizontal 
response spectra increases from the minimum ratio values 
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Figure 7. Response Spectra of Ground Motions at Capitola 
(5% Damping) 
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Figure 8. Ratio of Vertical to Horizontal Response Spectra 
of Ground Motions at Capitola (5% Dampmg) 
Other acceleration-time histories exhibit similar trends. 
Because the Capitola records were among those records that 
had the vertical component of ground acceleration greater 
than the two horizontal components, the spectral energy and 
the potential response of structures at short periods less than 
about 0.2 to 0.3 seconds were greater in the vertical than the 
horizontal directions. Other records with the more typical 
lower maximum vertical ground accelerations do exhibit 
lesser ratios of vertical to horizontal spectra at these shorter 
periods; however, the spectral amplification between the 
ground acceleration and the 5% damped spectral acceleration 
is greater for the vertical component than for the horizontal 
components at these same shorter periods. All of the 
acceleration records exhibited decreased vertical acceleration 
response for periods greater than about 0.2 to 0.3 seconds. 
The records also show a general increase in the ratio of 
vertical response to horizontal response above about a 1 
second period. At longer periods, the ratio approaches a 
value of unity. A summary of the average spectral ratio of 
the vertical to horizontal 5% damped response spectra for the 
33 records studied are shown in Figure 9. Also shown besides 
the average ratio over the period range studied are the 











<Ill (.)W j:::a: 












..lllllll! J I 
-
AVERAGE 
-- AVER+ 1 SJG 
------- AVER +2SJG 
, 
i', 
./ ~ , 
V\'. ~"' IJ ., 
.!"' 
!"\. l'\· [rr i-"'~-' 1-
....... 
il !l I :1 
.1 10 100 
PERIOD (SEC) 
Figure 9. Average Ratio of Vertical to Horizontal Response 
Spectra of Ground Motions at 33 Recording 
Stations (5% Damping) 
CONCLUSIONS AND RECOMMENDATIONS 
Based upon preliminary strong motion data from CSMIP at 
91 recording stations, there was the occurrence of signifi-
cantly greater maximum vertical accelerations than the 
corresponding maximum horizontal accelerations at some 
sites; however, the occurrences were not pervasive and, in 
general, limited to the near field close to the rupture zone of 
the seismic event. With increased distance from the rupture 
zone, the maximum vertical accelerations were generally less 
than the maximum horizontal accelerations. The traditional 
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practice of assuming that the maximum vertical acceleration 
is about two-thirds of the maximum horizontal accelerations 
would appear to be satisfactorily conservative for distances 
greater than 25 kilometers from the fault rupture. At 
distances less than 25 kilometers, this assumption may not be 
conservative and a ratio between two-thirds and unity may be 
more appropriate when assessing the maximum vertical 
acceleration. 
A study of ground acceleration-time histories recorded 
during the Lorna Prieta earthquake from 33 stations has been 
conducted. These records are by no means a complete set of 
the time histories from this earthquake but are only those 
records available at the time of this study. The 33 records 
indicate that vertical response of a structure to the earthquake 
ground motions at short periods of less than 0.2 to 0.3 seconds 
may be equal to or even greater than the horizontal response 
when examining the spectral accelerations. For periods 
greater than 0.2 to 0.3 seconds, the vertical response is 
greatly reduced to about one-third of the horizontal response. 
Greater than a period of 1 second, the vertical response 
increases relative to the horizontal response. 
The conclusions should be considered very preliminary for 
several reasons. First, the data set consisted only of 33 
ground motion records from the Lorna Prieta earthquake. As 
more of the records from this earthquake are processed and 
become available, additional studies may be performed. 
Secondly, no effort has yet been made to distinguish whether 
local site or geologic conditions may have some influence on 
the observations; such a study could be made when the 
additional records are available. Thirdly, the application of 
the observations to the general case will require some caution 
since all of the data came from the Lorna Prieta event; studies 
of the vertical ground motions from other earthquakes should 
be made to confirm or disprove these conclusions. 
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